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Abstract: The 2-Higgs-Doublet Model (2HDM) belongs to the simplest extensions of
the Standard Model (SM) Higgs sector that are in accordance with theoretical and exper-
imental constraints. In order to be able to properly investigate the experimental Higgs
data and, in the long term to distinguish between possible models beyond the SM, precise
predictions for the Higgs boson observables have to be made available on the theory side.
This requires the inclusion of the higher order corrections. In this work, we investigate in
detail the renormalization of the 2HDM, a pre-requisite for the computation of higher order
corrections. We pay particular attention to the renormalization of the mixing angles  and
, which diagonalize the Higgs mass matrices and which enter all Higgs observables. The
implications of various renormalization schemes in next-to-leading order corrections to the
sample processes H ! Wh=H and H ! ZZ are investigated. Based on our ndings,
we will present a renormalization scheme that is at the same time process independent,
gauge independent and numerically stable.
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1 Introduction
The discovery of a new scalar particle by the LHC experiments ATLAS [1] and CMS [2] in
2012 and its subsequent conrmation as being the Higgs boson [3{6] marked a milestone
for particle physics. At the same time, it triggered a change of paradigm. The Higgs

















in the search for New Physics (NP). Although the Standard Model (SM) of particle physics
has been tested in previous and present experiments at the highest accuracy, there remain
many open questions that cannot be answered within this model. The SM is therefore
regarded as the low-energy description of some more fundamental theory that becomes
eective at higher energy scales. A plethora of NP models have been discussed, among
them e.g. supersymmetry (SUSY) as one of the most popular and most intensely studied
Beyond the SM (BSM) extensions. Supersymmetry requires the introduction of at least two
complex Higgs doublets. The Higgs sector of the Minimal Supersymmetric extension of the
SM (MSSM) [7{10] is a special case of the 2-Higgs-Doublet Model (2HDM) [7, 11, 12] type
II. While the parameters of the SUSY Higgs potential are restricted due to SUSY relations,
general 2HDMs allow for much more freedom in the choice of the parameters. They are
therefore an ideal framework to study the implications of an extended Higgs sector for Higgs
phenomenology at the LHC. This is reected in the experimental analyses that interpret the
results in various benchmark models, among them the 2HDM. The precise investigation of
the Higgs sector aims at getting insights into the nature of electroweak symmetry breaking
(EWSB) and at clarifying the question whether it is based on weakly or strongly interacting
dynamics. Deviations in the properties of the discovered SM-like Higgs boson are hints
towards NP. In particular, the higher precision in the Higgs couplings measurements at the
LHC run 2 and in the high-luminosity option allows to search indirectly for BSM eects.
This becomes increasingly important in view of the null results of direct searches for NP
so far.1 The precise measurements on the experimental side, however, call for precise
predictions of parameters and observables from theory. Accurate theory predictions are
indispensable not only for the proper interpretation of the experimental data, but also for
the correct determination of the parameter space that is still allowed in the various models,
and, nally, for the distinction between dierent BSM extensions.
With this paper we contribute to the eort of providing precise predictions for parame-
ters and observables relevant for the phenomenology at the LHC and future e+e  colliders.
We investigate higher order corrections in the framework of the 2HDM. While 2HDMs are
interesting because they contain the MSSM Higgs sector as a special case, they also belong
to the simplest SM extensions respecting basic experimental and theoretical constraints
that are testable at the LHC. After EWSB they feature ve physical Higgs bosons, two
neutral CP-even, one neutral CP-odd and two charged Higgs bosons. They represent an
ideal benchmark framework to investigate the various possible NP eects to be expected at
the LHC in multi-Higgs boson sectors. Finally, specic 2HDM versions also allow for a Dark
Matter (DM) candidate [15{21]. In the past, numerous papers have provided higher order
corrections to the 2HDM parameters, production cross sections and decay widths. Several
papers have dealt with the renormalization of the 2HDM (see e.g. [22{24]). In particular,
the renormalization of the mixing angles  and  is of interest. While  is introduced to
diagonalize the mass matrix of the neutral CP-even Higgs sector, the angle  appears in
the diagonalization of the CP-odd and the charged Higgs sector, respectively. These angles


















dene the Higgs couplings to the SM particles and thus enter all Higgs observables like
e.g. production cross sections and decay widths. For the MSSM it was stated in [25] that a
renormalization scheme for the only mixing angle taken as an independent parameter from
the scalar sector, , cannot be simultaneously gauge independent, process independent and
numerically stable. In the 2HDM also  needs to be renormalized, which has important
consequences for the choice of the renormalization scheme. If the tadpoles are treated
in the usual way, which we call the standard approach (cf. 3.1.1), a process-independent
denition of the angular counterterms is prone to lead to gauge-dependent amplitudes and
consequently to gauge-dependent physical observables. This is the case e.g. in the scheme
presented in [23]. There are essentially two possibilities to circumvent the emergence of
this gauge dependence. Either one gives up the requirement of process independence and
xes  and  in terms of a physical observable or one changes the treatment of the tad-
poles. As we will see, this will decouple the issue of gauge dependence from the denition
of  and  and allow for process- and gauge-independent angular counterterms leading
to manifestly gauge-independent amplitudes.
In this paper we study in detail the renormalization of the 2HDM Higgs sector with
the main focus on the investigation of the gauge dependence of the renormalization of the
mixings angles  and . We propose several schemes and compare them both to the ones
in the literature and amongst each other. In sample decay processes we investigate the nu-
merical dierences and in particular the numerical stability of the various renormalization
prescriptions. Our results presented here will serve as basis for the further computation of
the one-loop electroweak corrections to all 2HDM Higgs boson decays.
The organization of the paper is as follows. In section 2 we introduce the model
and set up our notation. The following section 3 is devoted to the detailed presentation
and discussion of the various renormalization prescriptions that will be applied. Section 4
deals with the computation of the electroweak (EW) one-loop corrections to various decay
processes and the discussion of the gauge dependence of the angular counterterms. In
section 5 we present our numerical results. We nish with the conclusions in section 6.
The paper is accompanied by an extensive appendix to serve as starting point for further
investigations of the 2HDM renormalization.
2 Description of the model
We work in the framework of a general 2HDM with a global discrete Z2 symmetry that is






in terms of the covariant derivative


























where a denote the Pauli matrices, W a and B the SU(2)L and U(1)Y gauge bosons,
respectively, and g and g0 the corresponding gauge couplings. The scalar potential that
can be built from the two SU(2)L Higgs doublets can be written as





















2 + h:c:] : (2.3)
The discrete Z2 symmetry (1 !  1;2 ! 2) ensures the absence of tree-level Flavour
Changing Neutral Currents. Assuming CP conservation, the 2HDM potential depends
on eight real parameters, three mass parameters, m11, m22 and m12, and ve coupling
parameters 1-5. Through the term proportional to m
2
12 the discrete Z2 symmetry is
softly broken. After EWSB the neutral components of the Higgs doublets develop vacuum
expectation values (VEVs), which are real in the CP-conserving case. Expanding about
the VEVs v1 and v2 and expressing each doublet i (i = 1; 2) in terms of the charged










leads to the mass matrices, which are obtained from the terms bilinear in the Higgs elds
in the potential. Due to charge and CP conservation they decompose into 2  2 matrices
MS , MP and MC for the neutral CP-even, neutral CP-odd and charged Higgs sector.






























leading to the physical Higgs states, a neutral light CP-even, h, a neutral heavy CP-even,
H, a neutral CP-odd, A, and two charged Higgs bosons, H. The massless pseudo-Nambu-
Goldstone bosons G and G0 are absorbed by the longitudinal components of the massive
gauge bosons, the charged W and the Z boson, respectively. The rotation matrices in




























with v21 + v
2
2 = v
2  (246 GeV)2, while the mixing angle  is expressed through
tan 2 =
2(MS)12
(MS)11   (MS)22 ; (2.10)
where (MS)ij (i; j = 1; 2) denote the matrix elements of the neutral CP-even scalar mass











2   1v2)  s2(M2   2v2)
; (2.12)
where we have introduced the abbreviation
345  3 + 4 + 5 (2.13)
and used short-hand notation sx  sinx etc.
The minimization conditions of the Higgs potential require the terms linear in the









= 0 ; (2.14)
where the brackets denote the vacuum. The corresponding coecients, the tadpole pa-








































There are various possibilities to choose the set of independent parameters that
parametrizes the Higgs potential V . Thus, eqs. (2.15) and (2.16) can be used to replace m211
and m222 by the tadpole parameters T1 and T2. The VEV v can furthermore be expressed
in terms of the physical gauge boson masses MW and MZ and the electric charge e. In the
following, we will choose the set of independent parameters such that the parameters can
be related to as many physical quantities as possible. Our set is given by the Higgs boson
masses, the tadpole parameters, the two mixing angles, the soft breaking parameter, the
massive gauge boson masses and the electric charge. Additionally, we will need the fermion
masses mf for the Higgs decays into fermions which will be used for a process-dependent
denition of the angular counterterms.

























In this section we will present the various renormalization schemes that we will apply in
the renormalization of the 2HDM and that will be investigated with respect to their gauge
parameter dependence and their numerical stability. We will use these schemes in sample
processes given by the EW one-loop corrected decays of the charged Higgs boson into a
W and a CP-even Higgs boson, H ! Wh=H, and of the heavy H into a Z boson
pair, H ! ZZ. The computation of the EW one-loop corrections leads to ultraviolet
(UV) divergences. In the charged Higgs decay we will furthermore encounter infrared
(IR) divergences because of massless photons running in the loops. The UV divergences
in the virtual corrections are canceled by the renormalization of the parameters involved
in the EW corrections of the process, while the IR ones are subtracted by taking into
account the real corrections. The renormalization of the above decay processes requires
the renormalization of the electroweak sector and of the Higgs sector. We will also compute
the EW one-loop corrections to the decays of H and A into  leptons, H=A !  . These
processes will be exploited for a process-dependent denition of the angular counterterms,
which will be presented as a possible renormalization scheme among others. The corrections
to the decays into  leptons also require the renormalization of the fermion sector. Note,
that the renormalization of the CKM matrix, which we will assume to be real, will not play
a role in our renormalization procedure. We start by replacing the relevant parameters by
the renormalized ones and their corresponding counterterms:
Gauge sector: the massive gauge boson masses and the electric charge are replaced by
M2W ! M2W + M2W (3.1)
M2Z ! M2Z + M2Z (3.2)
e ! (1 + Ze) e : (3.3)
Equally, the VEV v, which will be expressed in terms of these parameters, is replaced by
v ! v + v : (3.4)


























Fermion sector: the counterterms to the fermion masses mf are dened through
mf ! mf + mf : (3.7)
The bare left- and right-handed fermion elds
fL=R  PL=Rf ; with PL=R = (1 5)=2 ; (3.8)



























Higgs sector: the renormalization is performed in the mass basis and the mass coun-
terterms are dened through
m2h ! m2h + m2h (3.10)
m2H ! m2H + m2H (3.11)
m2A ! m2A + m2A (3.12)
m2H ! m2H + m2H : (3.13)






















































and the mixing angles by
 ! +  (3.17)
 !  +  : (3.18)
While the tadpoles vanish at leading order, the terms linear in the Higgs elds get loop
contributions at higher orders. Therefore, also the tadpole parameters T1 and T2 have
to be renormalized in order to fulll the tadpole conditions eqs. (2.14). The tadpoles are
hence replaced as
T1 ! T1 + T1 and T2 ! T2 + T2 : (3.19)
3.1 Renormalization conditions
The nite parts of the counterterms are xed by the renormalization conditions. Through-
out we will x the renormalization constants for the masses and elds through on-shell (OS)
conditions. The renormalization schemes dier, however, in the treatment of the tadpoles
and of the mixing angles. We will describe two dierent approaches for the treatment of the
tadpoles. Both of them apply the same renormalization conditions for the tadpoles. They
dier, however, in the way the minimum conditions are applied when the mass countert-
erms are generated. As a consequence, the tadpole counterterms can either explicitly show
up in the mass counterterms or not. The latter case, that we will call `alternative tadpole'
or in short `tadpole' scheme, has the virtue that the mass counterterms are manifestly
gauge independent, while in the former one, named `standard tadpole' or simply `standard'
scheme, this is not the case. The authors of ref. [23] have combined the standard tadpole
scheme with the denition of the angular counterterms through o-diagonal wave function

















leads to manifestly gauge-dependent decay amplitudes, as we will show. In the alternative
tadpole scheme not only this problem does not occur, but in addition, the angular coun-
terterms are explicitly gauge independent. If the angular counterterms are dened in a
`process-dependent' scheme via a physical process, the decay amplitude is gauge indepen-
dent irrespective of the treatment of the tadpoles. The only dierence lies in the gauge
independence of the angular counterterms in case the alternative tadpole scheme is adopted.
In the following, the renormalization conditions of the various schemes will be introduced.
3.1.1 Standard tadpole scheme
We start by presenting the usual, i.e. 'standard', approach in the renormalization of the
2HDM as also applied in [23, 24]. The gauge bosons are renormalized through OS condi-
tions, which implies the following counterterms for the masses,




W ) and M
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where the superscript T denotes the transverse part of the respective self-energy . In
order to guarantee the correct OS properties the wave function renormalization constants
have to be introduced as


































The electric charge is dened to be the full electron-positron photon coupling for OS ex-
ternal particles in the Thomson limit, implying that all corrections to this vertex vanish
OS and for zero momentum transfer. The counterterm for the electric charge in terms of















where sW =cW  sin W = cos W and W denotes the Weinberg angle. Note that the sign in
the second term of eq. (3.23) diers from the one in [26] due to our sign conventions in the
covariant derivative of eq. (2.2). In our computation, however, we will use the ne structure
constant at the Z boson mass (M2Z) as input, so that the results are independent of large






















where the transverse part of the photon self-energy T in eq. (3.25) includes only the light














































































The fermion wave function renormalization constants are determined from
Z
L=R


























H)  THH ] ; m2h = Re[hh(m2h)  Thh] ; (3.31)
m2A = Re[AA(m
2
A)  TAA] ; m2H = Re[HH(m2H)  THH ] : (3.32)
The appearance of the tadpole counterterms in eqs. (3.31) and (3.32) can be understood by
recalling that the parameters m211 and m
2
22, which enter the mass matrices, can be replaced
by the tadpole coecients T1 and T2. Applying the shifts eq. (3.19) and rotating into the
mass eigenbasis yield the above conditions in the OS scheme. The relations between the




















The tadpoles are renormalized such that the correct vacuum is reproduced at one-loop
order, leading to the renormalization conditions

















The T1;2 stand for the contributions coming from the corresponding genuine Higgs boson
tadpole graphs in the gauge basis. For the wave function renormalization constants the OS












































































3.1.2 The KOSY scheme
We now turn to the renormalization conditions for the mixing angles. The renormalization
scheme chosen in [23], the `KOSY' scheme, uses the standard tadpole scheme. For the
renormalization of the mixing angles it is based on the idea of making the counterterms 
and  appear in the inverse propagator matrix and hence in the wave function renormal-
ization constants, in a way that is consistent with the internal relations of the 2HDM. This
can be achieved by renormalizing in the mass basis (f1; f2)
T , but temporarily switching to
the gauge basis (1; 2)





























The elds fi and i (i = 1; 2) and the mixing angle # stand here for any of the eld pairs in
the mass and gauge basis, respectively, dened in eqs. (2.5){(2.7), together with their cor-
responding mixing angle, i.e. (fi; i;#) = (H;h; i;), (G
0; A; i;) and (G
; H;i ;).
With the eld renormalization matrix
p
Z in the gauge basis being a real symmetric ma-
trix the following parametrization of the eld renormalization matrices in the mass basis












1 + 12Zf1f1 Cf + #



















The o-diagonal elements are identied with the o-diagonal wave function renormalization
constants in the mass basis. For the CP-even scalar sector we obtain
1
2
ZOSHh = Ch +  (3.42)
1
2












The superscript `OS' indicates the OS renormalization scheme for the wave function con-
stants. The counterterm Ch will not be used again. While the mixing angle  diagonalizes
both the charged and the CP-odd mass matrices and we have altogether four o-diagonal
wave function constants in the charged and CP-odd Higgs sector, eq. (3.41) implies only
three free parameters to be xed, namely , CA and CH . Consequently, one has to
choose three out of four possible conditions and not all scalar elds can be OS at the





the counterterms, we ensure H to be OS. This scheme can hence be used in the process
H !Wh=H, where we have an external charged Higgs boson.2 This yields the following













































There are two more sets that can be chosen. However, we are not going to use
them and hence they will not be repeated here. Replacing the OS conditions given in
eqs. (3.37), (3.38) and (3.39) in eqs. (3.44), (3.46) and (3.49), respectively, yields the fol-
2Note that, aiming at OS renormalized elds, this scheme cannot be used in processes where both A





































As already mentioned and as we will demonstrate later in detail for the example of the
charged Higgs boson decay, the application of this renormalization scheme not only makes
a gauge-independent denition of the counterterms impossible, but more seriously, leads
to unphysical gauge-dependent decay amplitudes. The computation of the loop-corrected
amplitude in the general R gauge shows that after including all counterterms but the ones
for the angles, there remains a residual gauge dependence that is UV-divergent. The angu-
lar counterterms must therefore reveal exactly the same UV-divergent gauge dependence
but with opposite sign. The counterterm  is found to have exactly this UV-divergent
-dependent counterpart, needed to render the amplitude gauge independent. However,
in addition,  and  contain -dependent nite terms, which reintroduce a gauge de-
pendence into the amplitude. To get rid of these nite gauge-dependent terms in , the
authors of ref. [24] suggest to drop the assumption that
p
Zf is symmetric, thereby yield-
ing additional renormalization conditions. These are then exploited to move the gauge
dependence of  into Cf .
3 While this scheme would in principle allow to eliminate the
gauge dependence of , it cannot be applied in processes that involve the renormalization
of . The UV-divergent -dependent counterterm  is needed to cancel the UV-divergent
-dependent counterpart in the loop-corrected amplitude, that is encountered in the stan-
dard renormalization scheme. In practice, however, this procedure cannot be applied,
as it lacks an unambiguous prescription on how to extract the truly gauge-independent
parts from the loop-corrected amplitude and from the counterterms. The extraction of the
gauge-independent part is not straightforward as the loop functions A0 and B0 [27, 28]
which appear in the angular counterterms, can be rewritten in terms of higher n-point
scalar integrals that contain the gauge parameter  besides additional gauge-independent
components.
3.1.3 Alternative tadpole scheme
We now present a renormalization scheme that fullls the requirements for a possible
gauge-independent denition of the angular counterterms. It relies on the application of
the renormalization scheme worked out in ref. [29]. In appendix A we show in detail how
this scheme works and in particular we present its extension from the SM case [29] to the
2HDM. The generic diagrams contributing to the self-energies dened in this `alternative
tadpole' scheme, called tad in the following, are shown in gure 1. Besides the generic
3More specically it is moved into CAG0 and CG0A, that due to the non-symmetric
p
Zf are now two


















Figure 1. Generic diagrams contributing to the self-energy tad.
one-particle irreducible (1PI) diagrams depicted by the rst two topologies in gure 1,
they also contain the tadpole diagrams connected to the self-energies through the CP-even
Higgs bosons h and H that are represented by the third topology. The application of the
tadpole scheme alters the structure of the mass counterterms and of the o-diagonal wave
function renormalization constants4 such that now the loop-corrected amplitude including
all counterterms but those for the angles does not encounter a UV-divergent  dependence
any more. Hence, also the angular counterterms can and even have to be dened in a
gauge-independent way by applying appropriate renormalization conditions.
Besides the angular counterterms, also the mass counterterms, dened via OS con-
ditions become gauge independent in the tadpole scheme. This has been shown for the
electroweak sector in [30]. All counterterms of the electroweak sector have exactly the
same structure as in the standard scheme, but the self-energies  appearing in eqs. (3.20){
(3.23) have to be replaced by the self-energies tad containing the tadpole contributions.




Furthermore, due to the fact that the tadpoles are independent of the external momentum






for xy = WW;ZZ; ;HH; hh;G0G0; GG; HH : (3.56)























4Note, that the application of the tadpole scheme also requires a change of all those vertices, where
tadpole contributions now have to be taken into account, namely wherever it is possible to add a neutral





















































































































keeping in mind that eq. (3.56) holds. Applying the same procedure for the denition of
the angular counterterms as in the standard scheme, but with the dierent treatment of



































Compared to the standard scheme, the self-energies are replaced by the tad and no tadpole
counterterms appear any more.
The application of the tadpole scheme not only allows for a gauge-independent deni-
tion of the angular counterterms but also requires it in order to ensure a gauge-independent
physical decay amplitude. Note that the counterterms (3.62){(3.64) still contain a  de-
pendence and hence, a -independent denition has yet to be found. In the MSSM, several
schemes for the renormalization of tan  have been proposed and used, see e.g. [25, 31{38].
The renormalization prescriptions have been discussed in detail in [25] with respect to their
gauge dependence, process independence and numerical stability (see also [39]). Renormal-
ization prescriptions making use of physical quantities like Higgs boson masses or physical
processes clearly lead to a gauge-independent prescription. However, they were found to be
numerically unstable in the former case, while the latter case may be viewed as unsatisfac-
tory, as the denition via a specic process makes tan  a non-universal, avour-dependent
quantity [25]. Finally, DR prescriptions lead in the R gauge to gauge independence of
 tan in the MSSM at one-loop level, but not at two-loop level [25, 40]. We now present
a renormalization scheme that leads to -independent  and  and also addresses the

















On-shell tadpole-pinched scheme. The scheme we propose here combines the virtues
of the tadpole scheme with the unambiguous extraction of the truly gauge-independent
parts of the angular counterterms. It is based on the renormalization schemes presented
in [38] and in [41, 42].5 The former denes the angular counterterms in a physical way as
residues of poles appearing in one-loop corrections, while in [41, 42] the pinch technique
(PT) [44{50] is used to extract the truly gauge-independent parts of the angular countert-
erms. Both methods lead to the same gauge-independent denitions of the counterterms.
Over the years the virtues of the PT have been discussed [51{56] and many times
compared to the background eld method (BFM). In refs. [57{64] the BFM was advocated
in order to obtain gauge-invariant denitions of the counterterms, which, however, also has
its own drawbacks (see e.g. [50, 65]). In this work we apply the PT only in the denition
of the angular counterterms at one-loop level and not for the complete one-loop process, so
that we do not run into possible problems with regard to the PT. Also, note that for specic
examples it has been shown that the PT is connected to the BFM in case the Feynman
gauge is chosen for the background elds [66]. In fact, the one-loop PT Green's functions
are identical to the conventional Green's functions when calculated in the BFM with  = 1.
One should emphasize that there is an important advantage from the eld-theoretical
point of view to use the PT. While the BFM provides n-point functions that are manifestly
gauge invariant (i.e. they fulll tree-level-like Ward identities), they are still gauge depen-
dent, since the n-point functions contain an explicit dependence on the background-eld
gauge-xing parameter (GFP). In contrast, the PT introduces no GFP-dependent poles
into the n-point functions and therefore contains no unphysical thresholds. This is impor-
tant when constructing resonant transition amplitudes as it leads to a correct treatment
of resonances. As shown in [53] an o-shell one-particle irreducible eective two-point
function obtained via the PT satises a number of eld-theoretical requirements needed in
order to attribute physical meaning to the resummed propagator.
With the help of the PT it is possible to dene the pinched self-energies . The




+ add(p2) ; (3.65)
where  stands for the gauge xing parameters Z , W and  of the R gauge. Note,
that in order to apply the PT the tadpole scheme has to be used.6 For better readability
we omitted the superscript `tad' in . The self-energy add in eq. (3.65) is an additional
contribution that is explicitly independent of the gauge xing parameter . Applying [42]
5The renormalization of the mixing matrix in the scalar sector of a theory with an arbitrary number of
scalars was rst discussed in ref. [43].
6In ref. [67] the renormalization of the singlet extended SM was investigated for the sample process H !
hh. Treating the tadpoles in the standard scheme the authors are left with a gauge-dependent mixed mass
counterterm m2hH . The remainder of the loop-corrected decay amplitude, i.e. the NLO amplitude without
the counterterm m2hH , is gauge independent in this model, which is simpler compared to the 2HDM. In
their `improved on-shell scheme' the authors suggest to adopt the Feynman gauge and a specic scale choice
to get rid of this gauge parameter dependence. The identication of the truly gauge-independent part would













































































These angular counterterms are dierent from the ones obtained in the KOSY scheme, so
that the classication as an independent renormalization scheme is justied. The additional
contribution addHh has been given in [42] for the MSSM. We have derived the remaining
two contributions addG0A and 
add

























































where B0 is the scalar two-point function [27, 28].
p? tadpole-pinched scheme. As indicated by the name, this scheme diers from the
OS tadpole-pinched scheme solely in the scale at which the self-energies, appearing in the
denition of the angular counterterms, are evaluated. The self-energies are evaluated at







with (1; 2) = (H;h), (G
; H) and (G0; A), respectively, and we will henceforth refer to
this scheme as the p?-scheme. When the self-energies are evaluated at p
2
? the additional
self-energies add vanish, as can easily be seen from eqs. (3.69){(3.71), and the pinched


























































We will also investigate the renormalization of the mixing angles through a physical pro-
cess. Provided the alternative tadpole scheme is applied, this leads to a manifestly gauge-
independent denition of the mixing angle counterterms. In order to x the respective
angular counterterm we will require the next-to-leading order (NLO) Higgs decay width,
in which the angle appears, to be equal to the leading order (LO) one, i.e.
 virt +  c.t. = 0 ; (3.77)
where  virt denotes the contribution of all virtual one-loop corrections to the decay width
and  c.t. the counterterm contributions. This implies (for NLO processes that do not
encounter real corrections, see below)
 NLO =  LO (3.78)
and allows to x the angular counterterm via the decay process. This scheme has some
drawbacks, however, cf. [25]. Conceptually, it is not satisfying as the denition of the
mixing angles becomes non-universal and avour dependent. From a calculational point of
view, it is involved as it requires the computation of loop-corrected three-particle vertices.
Another problem is related to the choice of the process that denes the counterterm. The
denition through a process receiving QED corrections that cannot be separated from
the rest of the EW corrections would entail real radiative corrections in the counterterm.
This is precluded, however, as this counterterm would inevitably depend on some detector
sensitivity E via the photon phase space cut and thereby introduce a dependence on the
experimental setting. This forbids e.g. the denition of the angular counterterms appearing
in the loop corrected decay H ! Wh through the process H ! WH. Finally, care
has to be taken to choose a process that is phenomenologically accessible. This eliminates
e.g. the choice of H ! ZZ. With the 125 GeV Higgs boson being very SM-like and hence
coupling with full SM strength to the Z bosons, sum rules lead to a tiny coupling of the
heavy Higgs boson to massive gauge bosons and hence a very small H ! ZZ decay width.
In this paper we choose, as proposed in [25], the decays H !  and A !  in order to
dene  via the latter and  via the former. In both decays the QED corrections form

















4 One-loop EW corrected decay widths
In this section we present the EW one-loop corrections to the processes7
H ! Wh and WH ; (4.1)
H ! ZZ ; (4.2)
H !  and A!  : (4.3)
The charged Higgs decays (4.1) will serve us to discuss in detail the renormalization of
the mixing angles  and  in view of a gauge-independent denition. In this context,
the fermionic decays (4.3) will be used for a process-dependent denition of the angular
counterterms. Note that we could have equally well chosen h !  instead of H !  .
The numerical implications of the dierent renormalization schemes shall be investigated
in the subsequent section. This will be done not only for the charged Higgs decays, but
also for another sample process, the heavy Higgs decay into a Z boson pair (4.2).
4.1 Electroweak one-loop corrections to H !Wh=H
The decays of the charged Higgs boson into the charged W boson and a CP-even Higgs
boson  = h or H,
H !W ; (4.4)
depend through the couplings on the mixing angle combinations
gHW =
(
  cos(   ) for  = h
sin(   ) for  = H
; (4.5)















(x; y; z)  (x2 + y2 + z2   2xy   2xz   2yz) 12 : (4.7)
The NLO decay width can be written as
 NLO =  LO +  (1) : (4.8)
The one-loop correction  (1) consists of the virtual corrections, the counterterm contribu-
tions and the real corrections. The counterterms cancel the UV divergences and the real
corrections the IR divergences encountered in the virtual corrections. The diagrams con-
tributing to the latter are depicted in gure 2 and show the pure vertex corrections (a) and
the corrections (b)-(e) to the external legs. The counterterm diagram is shown in (f). The
vertex corrections comprise the 1PI diagrams given by the triangle diagrams with scalars,













































Figure 2. Generic diagrams contributing to the virtual corrections of the decays H !Wh=H:
vertex corrections (a) and corrections to the external legs (b)-(e). Diagram (f) displays the coun-
terterm.
diagrams involving four-particle vertices (last four diagrams of gure 3). The corrections
to the external legs in gure 2 (b) and (c) vanish due to the OS renormalization of the
scalars, while the vanishing of the mixing contribution (d) is ensured by a Slavnov-Taylor
identity [70]8 and the one of (e) by the Ward identity for an OS W boson. The vertex
contributions with a photon in the loop lead to IR divergences that need to be canceled by
the real corrections. These are computed from the diagrams displayed in gure 4. They
consist of the proper bremsstrahlung contributions (a)-(c), where a photon is radiated from
the charged initial and nal state particles, and the diagram (d) involving a four-particle
vertex with a photon. Note, that this last diagram leads to an IR-nite contribution. The
NLO contributions factorize from the LO amplitude, so that the one-loop corrected decay
width can be cast into the form
 NLO(H !W) =  LO
h
1 + virt + ct + real
i
: (4.9)
The counterterm contribution ct is given in terms of the wave function renormalization
constants, the coupling and angle counterterms. For   h it reads






 2t  ( ) ; (4.10)
7The top quark loop corrections to H !Wh have been calculated in [69].
8This requires the formulation of the gauge xing Lagrangian in terms of already renormalized elds
when adding it to the bare 2HDM Lagrangian so that it need not be renormalized, cf. refs. [71, 72]. See


















































































































Figure 4. Feynman diagrams contributing to the real corrections.
and for   H,
ct = ZWW + ZHH + ZHH  
c 
s 







As the expressions for the counterterm ct and the virtual and real contributions virt
and real in terms of scalar one-, two- and three-point functions are rather lengthy, we do

















type I II lepton-specic ipped
gh c=s  s=c  s=c c=s
gH s=s c=c c=c s=s
gA  1=t t t  1=t































Figure 5. Generic diagrams contributing to the virtual corrections of H !  : vertex correc-
tions (a) and corrections to the external legs (b)-(f) where   h=H. Diagram (g) displays the
counterterm.
4.2 Electroweak one-loop corrections to H !  and A! 
The LO decay width for the process H !  reads
















with the coupling modication factor gH in the 2HDM, which depends on the 2HDM
type. We give in table 1 the coupling factors for all neutral Higgs bosons to  leptons in
the dierent realizations of the 2HDM. For the decay A!  the LO decay width is














with gA given in table 1. These two processes can hence be used to dene the counterterms
for  and .
The EW NLO corrections to H !  consist of the virtual corrections, the coun-
terterms and the real corrections. The generic contributions to the virtual corrections are



























































Figure 6. Generic diagrams contributing to the vertex corrections in H !  .
consist of the triangle diagrams with scalars, fermions, massive gauge bosons and photons
in the loop. The corrections to the external legs in gure 5 (b), (d) and (e) vanish be-
cause of the OS renormalized H and  , respectively. Diagram (c) is zero because of CP
conservation. Diagram (f) nally vanishes because of a Slavnov-Taylor identity. The real
corrections consist of the diagrams where a photon is radiated o either of the nal state
 leptons. We explicitly checked that all NLO corrections factorize from the LO width so
that the NLO decay width can be cast into the form
 NLO(H ! ) =  LO
h
1 + virt + ct + real
i
: (4.14)
For ct we have




















+ 2gA  : (4.15)
Note, that the pure QED contributions in virt and ct can be separated from the weak
contributions in a gauge-invariant way and form a UV-nite subset by themselves. This
is important as it allows to dene the angular counterterm via this process through the
purely weak NLO contributions, see also the discussion in section 3.1.4. Requiring the
following renormalization condition for the process-dependent denition of ,















































Figure 7. Generic diagrams contributing to the virtual corrections of A !  : vertex correc-
tions (a) and corrections to the external legs (b)-(f), where   h=H. Diagram (g) displays the
counterterm.
and imposing this condition only on the weak part of the decay width we arrive at the
process-dependent counterterm denition

























The superscript `weak' indicates that in the respective counterterms and in the virtual
correction only the purely weak contributions are taken into account. For example for
virt,weakH! this means that corrections stemming from diagrams in gure 6 that involve
photons are dropped.
The counterterm  tan or , respectively, which is necessary in (4.17), can be dened
in a process-dependent scheme via the NLO decay A !  as outlined in the following.
Again the NLO contributions consist of virtual, counterterm and real diagrams. The
generic ones for the former two are shown in gure 7 and the 1PI diagrams of the vertex
corrections are summarized in gure 8. The loops contain scalars, fermions, massive gauge
bosons and photons. The loops with photons induce IR divergences that are canceled by
the real corrections. The corrections to the external legs in gure 7 (b), (d) and (e) vanish
due to OS renormalization conditions, those in (c) because of CP invariance and those in (f)
because of a Slavnov-Taylor identity. Also in this process the pure QED corrections can be
separated from the remainder in a gauge-invariant way and form a UV-nite subset so that
the NLO decay width can be used for the process-dependent denition of the counterterm
 through the requirement




















































Figure 8. Generic diagrams contributing to the vertex corrections in A!  .
With the factorization
 NLO(A! ) =  LO
h





















2(1 + g2A )
gA
 (4.20)
we arrive by imposing the condition (4.18) at
A! =
 gA





















Again the superscript `weak' denotes the purely weak contributions to the respective coun-
terterms and to the virtual corrections. Thus, virt,weakA! is given by the purely weak virtual
corrections to A!  at NLO which are computed from the diagrams in gure 8 discarding
those with photons in the loop.
4.3 The gauge (in)dependence of the angular counterterms
The question of gauge dependence in the standard scheme. In order to investigate

















we have calculated the one-loop corrected decay width for the charged Higgs decays in
the general R gauge. When we apply the standard scheme, the computation of the NLO
amplitude MH!Wh including all counterterms but the one for the angles - i.e. c  is
set to zero - yields an amplitude that depends on the gauge parameters as follows,
MH!WhjstandardNLO, ; c =0 =  
g5c s2  p1  (p3)
322(m2H  m2h)















in terms of the scalar one-point function A0 [27, 28]. With p1 we denote the incoming
four-momentum of H and with (p3) the polarization vector of the outgoing W boson






Note that V is UV-divergent. This result shows explicitly what we have already stated
before: in the standard renormalization scheme, the NLO decay amplitude without the
angular counterterms has a residual UV-divergent gauge dependence. This can only be
canceled by the angular counterterms. Therefore, the counterterms cannot be dened in
a gauge-independent way. This gauge dependence is independent of the renormalization
scheme chosen for the angular counterterms. It is purely due to the treatment of the
tadpoles. Let us investigate what happens if we apply the KOSY scheme, which yields the










j ) B0(p2; Vm2V ;m2j )

(4.25)
in terms of the scalar two-point function B0, we nd the following gauge-dependent results
for the angular counterterms,
































































































represents the counterterm result obtained for  = W = Z = 1.
The result for (2) looks similar with the appropriate mass replacements and W ! Z .
The second line in eq. (4.26) has the appropriate structure to cancel the remaining UV-
divergent gauge dependence in the amplitude (4.22). However, the additional nite terms
in (4.26) and (4.27) proportional to the -integrals dened above, reintroduce a gauge
dependence into the amplitude. In [24] it was argued that the gauge dependence of  can
be moved into the unphysical counterterm Cf , see eq. (3.41). Yet, lacking a method to
dene uniquely the gauge-dependent parts in the standard scheme, where the PT cannot
be applied, it remains unclear, how this could be accomplished. The situation is even worse
for , where we necessarily have to retain the gauge-dependent part proportional to the
UV-divergent A0 functions, but must move the rest into Cf . To summarize, this result
shows that not only is it impossible to arrive at a gauge-independent denition of  in
the standard scheme, but it also explicitly demonstrates that the KOSY scheme leads to
an unphysical gauge dependence of the decay amplitude, which cannot be disposed of in
a straightforward way. This is not only true for the charged Higgs bosons decays we are
discussing. In fact, the investigation of the origin of this gauge dependence shows, that
the standard tadpole scheme inevitably leads to gauge-dependent decay widths in case the
KOSY scheme is applied for the mixing angles.
If we dene the angular counterterms via a physical process, however, namely through
the decay widths H !  and A !  , compute the contribution of the counterterm
c , and extract the -dependent parts we obtain the following,
MH!Whjstandardct, ; c  only =
g5c s2  p1  (p3)
322(m2H  m2h)





It is exactly the same as eq. (4.22) but with opposite sign, so that altogether the EW one-
loop corrected decay width is gauge independent and UV-nite as required. The standard
treatment of the tadpoles combined with a process-dependent denition hence leads to a
gauge-independent physical result, as it should. The counterterms, however, necessarily
contain a gauge dependence.
Gauge-independent angular counterterms. For the angular counterterms to be
gauge-independent the loop-corrected amplitude including all counterterms but the angular
ones must be independent of . This can be achieved by treating the tadpoles according to

















eq. (4.11), respectively, the self-energies  and the tadpole counterterms T , contained in
the wave function constants, the scalar mass counterterms and the angular counterterms,
have to be replaced by tad and T = 0. Note, that the change to this tadpole scheme in
principle implies new vertices arising from constant tadpole contributions to the respective
original vertices, cf. appendix A. In the 2HDM, however, there is no quartic vertex between
two scalars, a charged Higgs and a charged gauge boson, h=H h=H H W, where one
of the external h=H legs would carry the additional tadpole contribution. Therefore, the
process H ! Wh=H does not receive additional tadpole diagrams. The counterterms
, , ZhH , ZHh ZG0A and ZGH change however. With these modications the
gauge-dependent part of the amplitude with the angular counterterms set to zero, becomes
MH!WhjtadNLO, ; c =0 = 0 : (4.29)
The amplitude without the mixing angle counterterm is itself gauge independent, so that it
is possible to provide a gauge-independent renormalization of the angular counterterms.
a) Gauge-independent tadpole-pinched scheme. The pinch technique allows to ex-
tract from the Green's functions the truly gauge-independent part. Combined with the
tadpole scheme this leads to manifestly gauge-independent angular counterterms. Choos-
ing the OS scale, they are given by eqs. (3.66){(3.71). In the p? scheme the formulae
simplify to (3.74){(3.76). In the numerical analysis we will apply both choices.
b) Gauge-independent process-dependent denition of the angular countert-
erms. Another possibility to arrive at a truly gauge-independent denition of the angu-
lar counterterms is the denition via the physical processes H=A!  , provided of course
that the framework of the tadpole scheme is applied.
In the processes H=A !  no new diagrams are introduced when switching to the
tadpole scheme, while the counterterms do change. In the tadpole scheme the process-
dependent denition of  and  through the requirement eq. (4.16) and eq. (4.18),




 = 0 : (4.30)
We have seen in eq. (4.28) that the treatment of the tadpoles in the standard scheme
cannot lead to gauge-independent angular counterterms, although they are dened through
a physical process. In detail, this gauge parameter dependence stems from , whereas 
is gauge independent in the process-dependent denition also without applying the tadpole
scheme. Thus we have
proc-dep = 
tad, proc-dep
 = 0 (4.31)





2M2W (1  W )W +M2Z(1  Z)Z

: (4.33)
This result shows two important things: rst, the process-dependent denition of the







































Figure 9. Generic diagrams contributing to the virtual corrections of the decay H ! ZZ: vertex
corrections (a) and corrections to the external legs (b)-(d) where   h;H. Diagram (e) displays
the counterterm.
is applied. Second, eqs. (4.31){(4.33) demonstrate, that in a process-dependent denition
of the counterterms the dierence between the application of the tadpole and the standard
scheme is a gauge-dependent expression that solely depends on A0 functions, which are
UV-divergent. As the 2HDM is renormalizable this implies that also in the amplitude
the dierence in the application of the two schemes must be UV-divergent and must have
the same structure, since the divergences have to cancel. In conclusion, this means: the
denition of the angular counterterms via any physical process leads for any NLO decay
process to a gauge-independent result, independently of the treatment of the tadpoles.
In the following numerical analysis in section 5 we will apply all three types of renor-
malization schemes, the standard, the tadpole-pinched and the process-dependent scheme,
and compare them to each other. We will do this for the sample processes H !Wh=H
and H ! ZZ. In order to describe also for this latter process the implications of the
tadpole scheme, required for a gauge-independent denition of the angular counterterms,
we briey repeat the ingredients of the EW one-loop corrections to H ! ZZ.
4.4 Electroweak one-loop corrections to H ! ZZ
The LO decay width for the process
H ! ZZ (4.34)
is given by



























































































































Figure 10. Generic diagrams contributing to the vertex corrections in H ! ZZ. The ghost
particles are denoted by U .
and depends on the mixing angles through the coupling factor
gHZZ = c  : (4.36)
The NLO decay width consists of virtual corrections and the counterterm contributions
to cancel the UV divergences. There are neither IR divergences nor real corrections. The
generic diagrams for the virtual corrections and the counterterm are depicted in gure 9.
The 1PI diagrams contributing to the vertex corrections are given by the triangle diagrams
with scalars, fermions, massive gauge bosons and ghost particles in the loops, as shown in
the rst three rows of gure 10, and by the diagrams involving four-particle vertices (last
four diagrams of gure 10). The corrections to the external leg in gure 9 (b) vanish due









































Figure 11. Additional vertex diagrams in the tadpole scheme contributing to the decay H ! ZZ.






























where the  denote the polarization vectors of the outgoing Z bosons with four-momentum
p3 and p4, respectively. If the tadpole scheme is applied, the HZZ vertex is modied by
additional tadpole contributions, which lead to further diagrams, that have to be taken
into account in the computation of the decay width. They are shown in gure 11. As the
formula for the vertex corrections and counterterms in terms of the scalar one-, two- and
three-point functions are quite lengthy, we do not display them explicitly here.
5 Numerical analysis
For the computation of the NLO EW corrections to the Higgs decay widths described
in the previous section we have performed two independent calculations. Both of them
employed the Mathematica package FeynArts 3.9 [73, 74] to generate the amplitudes at
LO and NLO in the general R gauge. To this end, the model le for a CP-conserving
2HDM was used, which is already implemented in the package. Additionally, all tadpole
and self-energy amplitudes, needed for the denition of the counterterms and wave function
renormalization constants, have been generated in the general R gauge. The contraction
of the Dirac matrices and formulation of the results in terms of scalar loop integrals has
been done with FeynCalc 8.2.0 [75, 76] in one calculation and with FormCalc [77] in the
other. The dimensionally regularized [78, 79] integrals have been evaluated numerically
with the help of the C++ library LoopTools 2.12 [77].
For one of the two calculations the Python progam 2HDMCalc was developed that links
FeynArts, generates the needed counterterms dynamically from the 2HDM Lagrangian
by calling a Mathematica script and combines the LO, NLO and counterterms calculated
by FeynCalc into the full partial decay widths. These are then evaluated numerically by
linking LoopTools. Finally, the LO and NLO partial decay widths are written out for

















program was compared to the results of the second independent computation. All results
agree within numerical errors.
In the following we specify the input parameters that we used for the numerical evalu-
ation. As explained in section 3 we use the ne structure constant  at the Z boson mass





The massive gauge boson masses are set to [80, 81]
MW = 80:385 GeV and MZ = 91:1876 GeV : (5.2)
For the lepton masses we choose [80, 81]
me = 0:510998928 MeV ; m = 105:6583715 MeV ; m = 1:77682 GeV : (5.3)
These and the light quark masses, which we set [82]
mu = 100 MeV ; md = 100 MeV ; ms = 100 MeV ; (5.4)
have only a small inuence on our results. In order to be consistent with the ATLAS and
CMS analyses, we follow the recommendation of the LHC Higgs Cross section Working
Group (HXSWG) [81, 83] and use the following OS value for the top quark mass
mt = 172:5 GeV : (5.5)
The charm and bottom quark OS masses are set to
mc = 1:51 GeV and mb = 4:92 GeV ; (5.6)
as recommended by [81]. Omitting CP violation we consider the CKM matrix to be real,












The SM-like Higgs mass value, denoted by mHSM , has been set to [84]
mHSM = 125:09 GeV : (5.8)
Note, that in the 2HDM, depending on the chosen parameter set, it is possible that either
the lighter or the heavier of the two CP-even neutral Higgs bosons can be the SM-like
Higgs boson.
The IR divergences in the computation of the NLO corrections to the process H !
WH=h require the inclusion of the real corrections to regularize the decay width. This in-

















from the real corrections. We showed that this dependence is small [85]. For our analysis
we xed the value to
E = 10 GeV : (5.9)
In the subsequently presented plots we only used 2HDM parameter sets that are not
yet excluded by experiment and that fulll certain theoretical constraints. These data sets
have been generated with the tool ScannerS [86].9 The applied theoretical constraints
require that the chosen CP-conserving vacuum is the global minimum [87], that the 2HDM
potential is bounded from below [88] and that tree-level unitarity holds [89, 90]. For consis-
tency with experimental data the following conditions have been imposed. The electroweak
precision constraints [91{97] have to be satised, i.e. the S; T; U variables [91] predicted
by the model are within the 95% ellipsoid centered on the best t point to the EW data.
Indirect experimental constraints are due to loop processes involving charged Higgs bosons,
that depend on tan  via the charged Higgs coupling to the fermions. They are mainly
due to B physics observables [98{100] and the measurement of Rb [101{104]. We have in-
cluded the most recent bound of mH & 480 GeV for the type II and ipped 2HDM [105].
The results from LEP [106] and the recent ones from the LHC [107, 108]10 constrain the
charged Higgs mass to be above O(100 GeV) depending on the model type. In order to
check the compatibility with the LHC Higgs data ScannerS is interfaced with SusHi [110]
which computes the Higgs production cross sections through gluon fusion and b-quark fu-
sion at NNLO QCD. All other production cross sections are taken at NLO QCD [82]. The
2HDM decays were obtained from HDECAY [111, 112]. Note that in the computation of
these processes all EW corrections were consistently neglected, as they are not available
for the 2HDM. The exclusion limits were checked by using HiggsBounds [113{115] and
the compatibility with the observed signal for the 125 GeV Higgs boson was tested with
HiggsSignals [116]. For further details we refer to [117].
In our numerical analysis we investigate the applicability of the various proposed renor-
malization schemes. The goal is to nd a renormalization scheme for the 2HDM, that is
process independent, gauge independent and numerically stable. All results that we show
are for the 2HDM type II.
5.1 Gauge dependence of the KOSY scheme
We start by analyzing the gauge dependence of the partial decay width, introduced through
the renormalization of the mixing angles  and  in the KOSY scheme. As an example
we choose the charged Higgs boson decay into the W boson and the light CP-even scalar
h corresponding to HSM, H ! Wh. For the renormalization of  we use the charged
sector and call the renormalization scheme accordingly KOSYc. The corresponding angular
counterterm (1) is dened in eqs. (3.53), while  is given by eq. (3.52). The size of the
9We thank Marco Sampaio, one of the authors of ScannerS, who kindly provided us with the necessary
data sets.






















It parametrizes the deviation of the NLO partial decay width for an arbitrarily chosen
gauge parameter  in the R gauge from the reference decay width chosen to be the NLO
width in the Feynman gauge, normalized to the reference value. For simplicity we only vary
the gauge parameter W and set Z = 1. The 2HDM scenario Scen1 that we investigate is
dened by the input parameters
Scen1: mH = 780 GeV ; mH = 742:84 GeV ; mA = 700:13 GeV ;
tan = 1:46 ;  =  0:57 ; m212 = 2:076  105 GeV2 :
(5.11)
Figure 12 shows the W dependence of our process, 
HWh
W
, as a function of W . The
kinks in the gure are due to threshold eects in the B0 functions entering the counterterms.
In detail, the kinks are given by the following parameter congurations and counterterms
Kink W Kinematic point Origin


















With a relative variation of the NLO width of up to 20% due to the change of the gauge
parameter, the gure clearly demonstrates the gauge dependence of the NLO decay width
in the KOSY scheme. The explicit calculation shows that for large values of W the partial
decay width drops as  (m2H m2h) ln(W ). This explicit gauge dependence makes a practical
use of the KOSY scheme impossible as it leads to non-physical gauge dependences in the
decay widths.
5.2 The processes  (H !Wh=H) at NLO
We move on to the investigation of the size of the NLO corrections to the processes
H ! Wh=H and their dependence on the renormalization scheme. In our scenarios





which measures the relative size of the NLO corrections compared to the LO decay width.
For the discussion of the H !Wh decay we chose among the generated valid scenarios
again the one given by Scen1, but this time vary the charged Higgs boson mass. For
distinction, we call it Scen2 and it is given by
Scen2: mH =(654 : : : 804) GeV ; mH =742:84 GeV ; mA=700:13 GeV ;


















Figure 12. Gauge dependence of the decay H ! Wh within the KOSYc scheme. The 2HDM
parameters are given by Scen1 dened in eq. (5.11).
For H !WH we chose Scen3 where the mass mA is varied,
Scen3: mH = 745:54 GeV ; mH = 594:55 GeV ; mA = (704 : : : 735) GeV ;
tan = 1:944 ;  =  0:458 ; m212 = 1:941  105 GeV2 :
(5.14)
In gure 13 we show the relative NLO corrections for H !Wh,  HWh, as a function
of the charged Higgs boson mass for various renormalization schemes. We denote them as
proc : process-dependent
pc;o? : p? tadpole-pinched; 
(1) ('c') or (2) ('o')
pOSc;o : on-shell tadpole-pinched; (1) or (2)
KOSYc;o : gauge-dependent scheme; (1) or (2) :
(5.15)
The process-dependent renormalization refers to the renormalization of  via the process
H !  and of  via A !  . The process-dependent renormalization can be performed
by applying either the standard or the alternative tadpole scheme. The investigation of the
decay widths shows, however, that all decays discussed in this analysis, i.e. H !Wh=H
and H ! ZZ, are invariant with respect to a change of the tadpole scheme in the process-
dependent scheme.11 In the process-independent schemes we can choose to renormalize
 either through the charged sector, with the counterterm given by (1), or through the
CP-odd sector, with the counterterm given by (2). For the shown mH range the LO
decay width varies from  LO = 0:0750 GeV at mH = 654 GeV to  
LO = 0:1474 GeV at
mH = 804 GeV.
11For details on the cancellation of the contributions when changing from the standard to the alternative

















Figure 13. Relative NLO corrections to H ! Wh for various renormalization schemes as
dened in eq. (5.15), with the 2HDM parameters given by Scen2, eq. (5.13); left: with, right:
without the process-dependent renormalization.
In gure 13 (left) we show results for the process-dependent renormalization and for
some representatives of the process-independent schemes, the pOSo, the pc? and for compar-
ison also the KOSYc scheme. As can be inferred from the left plot, the process-dependent
renormalization leads to much larger NLO corrections than the other schemes. The NLO
corrections can increase the LO width by more than a factor of three. For the process-
independent renormalization schemes on the other hand, the NLO corrections are much
milder and vary between about  11 to 20% depending on the renormalization scheme and
the charged Higgs mass value (and discarding the unphysical KOSY scheme). This can
be inferred from gure 13 (right) which displays the results for the process-independent
schemes, where the  renormalization is performed both through the charged and through
the CP-odd sector.12 Provided that the same choice for the  renormalization is made, the
OS tadpole-pinched scheme, pOS, leads to results closer to the KOSY scheme than the p?
tadpole-pinched scheme. This is due to the fact that the KOSY and the pOS scheme use
the scale of the OS masses for the evaluation of the self-energies. Also note that the schemes
which rely on the CP-odd sector for the renormalization of , show a slightly weaker de-
pendence on the mass of the charged Higgs boson, as the latter enters the counterterm
(2) only through a few diagrams (namely the tadpole contributions). An important con-
clusion, which can be drawn from the plots, is that the process-dependent renormalization
scheme is not advisable due to the induced unnaturally large NLO corrections compared
to the results in the other renormalization schemes.
Discarding the numerically unstable process-dependent scheme and the unphysical
KOSY scheme, we can use the comparison of the results for pc? and p
o
? and the comparison
of those for pOSc and pOSo to estimate the remaining theoretical uncertainty due to missing
higher order corrections, based on a change of the renormalization scheme for . In the
same way we can estimate the uncertainty based on a variation of the renormalization
12In all plots we show the gauge-dependent results of the KOSY scheme, however, only for  renormalized

















Figure 14. Scatter plots for all parameter points passing the theoretical and experimental con-
straints. Left: the relative NLO corrections to H ! Wh as a function of the LO width. Right:
the NLO width compared to the LO width. Shown for various renormalization schemes: process-
dependent (blue), pOS tadpole-pinched (green), p? tadpole-pinched (red), KOSY
c (black).
scale by comparing the results for pOSo and po? or the results for pOS
c and pc?. In the
investigated mH range from the lower to the upper end, the remaining uncertainty varies
between 1% and 11%, when estimated from the scale change, and from close to 0 to 18%,
when estimated from the change of the  renormalization scheme. Note also that the
results in the tadpole-pinched scheme, when evaluated at the OS scale, are less aected by
a change of the renormalization scheme for  than in the p? scheme. The renormalization
of  through the charged sector is less sensitive to the scale choice than (2), which uses
the CP-odd sector, as can be inferred by comparing pc? with pOS
c on the one hand, and po?
and pOSo on the other hand. Taking these as indicators for theoretical uncertainties, one
might draw the conclusion that the pOSc scheme would be the best choice here. Finally,
we note that the kinks, which are independent of the renormalization scheme, are due to
the thresholds in the following counterterms and parameter congurations
Kink Kinematic point Origin
1 mH(662:46 GeV) = mH(742:84 GeV) MW ZHH ; ZGH
2 mH(780:51 GeV) = mA(700:13 GeV) +MW ZHH ; ZGH
In gure 14 we show the relative NLO corrections for H ! Wh as a function
of the LO width for all generated scenarios compatible with the applied theoretical and
experimental constraints, on which we imposed the additional constraint that the NLO
width remains positive. We thus discarded all scenarios in which the relative negative
corrections in one of the renormalization schemes exceed 100%, a constraint which we
also imposed on the relative positive corrections. The colours indicate the results for
the process-dependent scheme, the p? tadpole-pinched schemes, the OS tadpole-pinched
schemes and the KOSYc scheme. The plot clearly demonstrates that for most of the

















Figure 15. Relative NLO corrections to H ! WH for various renormalization schemes, with
the 2HDM parameters given by Scen3, eq. (5.14); left: with, right: without the process-dependent
renormalization. In the right plot the lines for KOSYc and pOSc lie on top of each other.
that are one order of magnitude above those obtained in the other schemes, and even
more for the points not shown in the plot yielding relative corrections beyond 100%.
Apart from the problem of a negative width at NLO in the case of negative corrections,
relative higher order corrections of 100% and beyond immediately call for the inclusion
or resummation of corrections beyond NLO. The tadpole-pinched (and also the KOSY)
schemes induce corrections of typically a few percent up to 50%. In gure 14 (left) we
excluded scenarios where the decays become almost loop-induced. This happens when the
tree-level width becomes small as the limit c  ! 0 is approached, while the NLO width
is non-zero. Although in this limit also the NLO width tends towards zero, as can be seen
from the right plot in gure 14, the relative corrections cf. eq. (5.12) can become extremely
large. This is due to the fact that the LO width is proportional to c2  while the NLO
width contains terms, which are linear in c  and hence approach zero more slowly than
the LO width. From gure 14 (right) it is apparent that the process-independent schemes,
however, are well behaved and numerically stable. In the process-dependent scheme the
NLO corrections are unnaturally enhanced as compared to the NLO results in the tadpole-
pinched schemes so that the use of this scheme is not advisable.
In gure 15 we show the relative NLO corrections for the process H !WH with the
parameters given by Scen3, eq. (5.14). In the plotted mA range the LO decay width, which
does not depend on mA, is given by  
LO = 4:0568 GeV. In the left plot we have included
the results for the process-dependent renormalization, for pOSo, pc? and KOSY
c. The right
plot includes all renormalization schemes but the process-dependent one. The relative cor-
rections lie between about  7:70 to  7:97% in the investigated mass range.13 Altogether
the results for all schemes lie very close to each other, with the process-dependent scheme
deviating the most from the remaining schemes, although the dierence in   is of max-
imally 0.16% only. This behaviour can be understood by looking at the counterterm for


















Figure 16. Relative NLO corrections to H ! ZZ for various renormalization schemes, with the
2HDM parameters given by Scen4, eq. (5.16); left: with, right: without the process-dependent
renormalization.
the NLO process, eq. (4.11). The contributions from the angular counterterms  and 
come with the factor 1=t , which is numerically very small in the SM-like limit h  HSM.
Therefore any dierence in the renormalization schemes for the angles will barely manifest
itself in the total NLO corrections. The zoomed in region in gure 15 (right) again shows
that the KOSY scheme is closer to pOS than to the other schemes and that the usage of
the OS scale in  is less sensitive to a change of the renormalization scheme, while the
renormalization of  via the charged sector is less sensitive to a scale change than the one
through the CP-odd sector.
5.3 The process  (H ! ZZ) at NLO
We now turn to the discussion of the NLO corrections to the heavy Higgs boson decay into
a pair of Z bosons, H ! ZZ. The scenario we have chosen is given by
Scen4: mH =659:16 GeV ; mH =(690 : : : 809) GeV ; mA=705:44 GeV ;
tan=1:24 ; = 0:61 ; m212 =2:045  105 GeV2 :
(5.16)
In gure 16 we show the relative NLO corrections  H!ZZ for the decay H ! ZZ as
a function of the heavier CP-even Higgs mass mH for dierent renormalization schemes.
The LO width ranges from 0.2314 GeV to 0.3845 GeV in the plotted mH range. The kinks
are due to
Kink Kinematic point Origin
1 mH(739:55 GeV) = mH(659:16 GeV) +MW ZHH ; ZhH
2 mH(796:63 GeV) = mA(705:44 GeV) +MZ ZHH ; ZhH
In the left plot the process-dependent renormalization is included. Additionally we show


















Figure 17. Scatter plots for the relative NLO corrections to H ! ZZ for all parameter points
passing the theoretical and experimental constraints as a function of the LO width; shown for var-
ious renormalization schemes: process-dependent (blue), pOS tadpole-pinched (green), p? tadpole-
pinched (red), KOSY (black).
Again the counterterm denition via tauonic heavy Higgs decays leads to much larger cor-
rections than the other schemes. In the investigated mass range it can increase the LO
decay width by more than a factor of two. The observed coincidence of the results for the
process-independent and process-dependent renormalization schemes at mH = 690 GeV is
accidental. The relative corrections in the process-dependent renormalization start to in-
crease quickly again for dierent mH values. The NLO increase in the process-independent
schemes, on the other hand, ranges from about -3 to 17% in the investigated parameter
range. The right plot shows the same behaviour we have seen previously. The results in
the KOSY and in the pOS scheme are closer to each other than to the p? scheme. Further-
more, the change of the  renormalization scheme aects the pOS scheme less than the p?
scheme and the  renormalization through the charged sector is less sensitive to a change
in the renormalization scale than the one through the CP-odd sector. Overall, in the in-
vestigated mass range, the theoretical uncertainty due to missing higher order corrections
can be estimated to be of less than a percent to around 6% based on a scale change, and
it ranges from the permille level to about 4% when estimated from the change of the 
renormalization scheme, discarding the numerically unstable process-dependent scheme.
Figure 17 shows the relative NLO corrections  H!ZZ for H ! ZZ as a function
of the LO width for all generated scenarios compatible with the applied theoretical
and experimental constraints. Again we excluded scenarios where the relative negative
corrections exceed 100%, a constraint which we also imposed on the relative positive
corrections. Furthermore, we discarded scenarios where the width becomes loop-induced,
i.e. where the LO width vanishes as compared to the NLO width. The colours indicate

















numerical instability of the process-dependent renormalization, which exceeds the relative
corrections in the other schemes by one and even up to two orders of magnitude when
including the scenarios with corrections beyond 100%. For the process-independent
schemes the relative corrections are typically of the order of a few percent to 40%,
discarding the region with loop-induced widths.
Altogether we conclude, that the choice of the KOSY scheme for the renormaliza-
tion of the angular counterterms is precluded due to its manifest gauge dependence. The
choice of the process-dependent scheme is not advisable, as it leads to very large relative
NLO corrections.14 The process-independent tadpole-pinched schemes lead to results that
are manifestly gauge-independent and numerically stable. Among these schemes the OS
tadpole-pinched scheme turns out to be more stable when changing the  renormalization
scheme than the p? scheme for our investigated scenarios.
6 Conclusions and outlook
We have investigated the renormalization of the 2HDM with special focus on the mixing
angles  and  which diagonalize the Higgs mass matrices. These angles are highly relevant
for the phenomenology of the Higgs bosons as they enter the Higgs boson couplings and
therefore all Higgs observables. We have shown that if the tadpoles are treated in the more
usual approach, which we called `standard tadpole', a process-independent denition of
the angular counterterms leads to gauge-dependent decay amplitudes and thus to gauge-
dependent physical observables. Therefore, the counterterms  and  either have to be
dened through a physical process, or the treatment of the tadpoles has to be changed.
Following the `alternative tadpole' scheme as proposed in [29] allows for a manifestly gauge-
independent denition of the masses and in particular of the mixing angles.
In this work we presented several distinct renormalization schemes and investigated
their implications by applying them to the NLO EW corrections in the decays H !Wh,
H ! WH and H ! ZZ. It was explicitly shown that the scheme presented in [23]
leads to gauge-dependent decay widths. This scheme applies the standard tadpole scheme
and relates the angular counterterms to the o-diagonal wave function renormalization
constants. By using the alternative tadpole scheme together with the modied Higgs self-
energies obtained from the application of the pinch technique we introduced the `tadpole-
pinched' scheme as a manifestly gauge-independent scheme for the angular counterterms.
We furthermore investigated the process-dependent denition of  and  through the
decays H !  and A !  , respectively. In this scheme the angular counterterms are
gauge dependent when the standard tadpole scheme is applied, they are gauge independent
in case the alternative tadpole scheme is used. For the investigated decay processes and
scenarios, the process-dependent scheme turned out to lead to unnaturally large relative
NLO corrections. Based on the investigated parameter sets and decay widths this leads us
to the conclusion to propose the tadpole-pinched scheme as the renormalization scheme for
14This statement of course only holds for scenarios where the contributions from the angular counterterms


















the mixing angles that is at the same time process independent, gauge independent and
numerically stable.
In order to complete the renormalization of the 2HDM, also the renormalization of
the soft-breaking parameter m212 has to be investigated. This parameter appears in the
couplings of the Higgs self-interactions and hence impacts the Higgs-to-Higgs decay widths.
The renormalization of m212 and the phenomenological investigation of the implications of
the higher order corrections for Higgs phenomenology will be the subject of a follow-up
paper.
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A The tadpole scheme in the 2HDM
In this section we will explain in detail the tadpole scheme, by applying it to the 2HDM, and
show how to derive the relations for the mass counterterms and the wave function renor-
malization constants. We will furthermore derive which additional vertices have to be con-
sidered when performing explicit calculations in this scheme. At the end of this appendix,
in A.2, we will give the complete list of rules for the application of the tadpole scheme.
A.1 Derivation of the tadpole scheme
We start by setting the notation and by presenting the standard scheme before we move
on to the derivation of the tadpole scheme in the 2HDM.
A.1.1 Setting of the notation and tadpole renormalization
The expansion of the two Higgs doublets 1 and 2 about the VEVs, cf. eq. (2.4), leads to
the mass matrices that are obtained from the terms bilinear in the Higgs elds in the 2HDM
potential. Due to CP- and charge conservation they decompose into 2 2 matrices for the
neutral CP-even, neutral CP-odd and charged Higgs sector, respectively. As we have seen in
section 2 the minimum conditions of the potential require the tree-level tadpole parameters
T1 and T2 to vanish. At lowest order they are given by eqs. (2.15) and (2.16). These tadpole
conditions can be exploited to eliminate m11 and m22. Higher order corrections, however,

























1  m212 + 345v1v2













































Here we have explicitly kept the tadpole parameters although they vanish at tree level. This
helps us to keep track of their non-vanishing contributions at higher orders when performing
the renormalization program. The mass matrices are diagonalized by the rotation matrices







The scalar mass eigenstates with the same quantum numbers, grouped into the doublets
(H;h), (G0; A) and (G; H), mix at higher orders. The wave function renormaliza-
tion constants for the three doublets, introduced in eqs. (3.14){(3.16), also develop non-
vanishing mixing contributions and form 2 2 matrices with o-diagonal elements. In the
following we will use a generic notation and denote with 1 and 2 the two scalars of the

































For the diagonal mass matrices, from now on generically denoted by D2, we introduce the
counterterm matrix D2, which is a symmetric 2  2 matrix whose specic form will be

























The self-energy  is a symmetric 2  2 matrix containing the 1PI self-energies of the



























Figure 18. Renormalization condition for the tadpoles: (a) in the gauge basis, (b) in the mass
basis.
elds, yielding the following conditions for the counterterm D2 and the wave function






























; i 6= j : (A.12)
So far we have not specied D2. Its exact form depends on the treatment of the tadpoles
in the renormalization procedure and will be elaborated below. In order to guarantee the
correct minimization conditions for the Higgs potential also at one-loop order, the tadpoles
are renormalized as
T^i = Ti   Ti = 0 ; i = 1; 2 ; (A.13)
where T1 and T2 are the sum of all one-loop tadpole contributions to the elds 1 and 2,
respectively, in the gauge basis. Applying the renormalization conditions we have for the
tadpole counterterms the conditions
Ti = Ti ; i = 1; 2 : (A.14)
















TH = TH and Th = Th : (A.16)
The renormalization conditions for the tadpoles are shown pictorially in gure 18.
A.1.2 Mass counterterms and wave function renormalization constants in the
standard scheme
Regarding the renormalization of the masses, the bare mass of each particle in the 2HDM

















and v2 or v, respectively, are xed at one-loop level such that their values in the tree-level
mass relations for the scalars, derived by calculating explicitly eqs. (A.4){(A.6), lead to the
OS physical masses at one-loop level. The shift from the bare parameter to the physical
one-loop value is hence fully contained in the mass counterterms. In generic notation the
















where the subscript 0 denotes the bare quantities and ' =  for the CP-even and ' =
 for the CP-odd and charged doublets, respectively. We have explicitly kept the bare
tadpole parameters to keep track of their renormalization. Taking the renormalization of
the tadpole parameters into account, as they are given in eq. (A.14), we arrive at the NLO

























where we have consistently neglected all terms beyond NLO. The explicit form of the Tij





























































































By inserting eq. (A.18) into the renormalization conditions (A.10){(A.12) we get the follow-



























; i 6= j : (A.30)
These formulae can easily be generalized to the fermion and gauge boson sector. There,
however, no tadpole counterterms will be involved, as they are not part of the tree-level
mass relations. Still, tadpole terms have to be included in the calculations of fermion
and gauge boson self-energies. The counterterms introduced in eqs. (A.28){(A.30) are in
general gauge dependent, which is not a problem, as long as all gauge dependences cancel
in physical observables. Since the renormalized masses must be gauge independent, the
bare masses must be gauge dependent as well.
A.1.3 Mass counterterms and wave function renormalization constants in the
tadpole scheme
We have seen that in the standard tadpole scheme the correct vacuum is reproduced by
renormalizing the VEVs accordingly at higher orders. Derived from the gauge-dependent
loop-corrected potential, the VEVs themselves are gauge dependent. As the physical OS
masses are gauge independent, the counterterms and the bare masses, which are given in
terms of the VEVs, therefore become gauge dependent. In the tadpole scheme [29] the same
renormalization conditions as given in eq. (A.14) and eq. (A.16), respectively, are used. The
crucial point, however, is the inclusion of the minimization conditions of the potential such
that the mass and coupling counterterms can be dened in a gauge-independent way. This
is achieved in the following way: in the alternative tadpole scheme the bare masses are
expressed in terms of the tree-level VEVs. As the tree-level VEVs are gauge independent,
the bare masses do not depend on the gauge choice either. In order to still reproduce the
correct minimum at higher orders, the VEVs acquire a shift. This shift now aects the
counterterms and not the bare masses, as the latter are expressed in terms of the tree-level
VEVs. The gauge dependences related to the VEV shifts cancel those of the counterterms,
so that the counterterms become gauge independent themselves. Together with the gauge-
independent bare masses the OS renormalized masses are gauge independent as they should
be. The VEVs are hence shifted when going from LO to NLO as
v1 ! v1 + v1 and v2 ! v2 + v2 : (A.31)
We emphasize that v1;2 represent the tree-level values of the VEVs. The shifts v1;2 are
xed by the minimization, that is, by the tadpole conditions. The tadpole parameters
are given in terms of the VEVs, cf. eqs. (2.15) and (2.16), so that a shift in the VEVs

















here in order to describe the changes of the parameters due to the VEV shifts, and to
distinguish these from the counterterms for the chosen set of independent parameters.
The shifts in the VEVs are propagated into all parameters that depend on the VEVs.
These shifts are determined as follows: (i) Express the parameters in terms of v1 and
v2. (ii) Perform the shifts eq. (A.31) of the VEVs. (iii) Apply the tree-level relations
between the VEVs and the various parameters to remove the redundant parameters m211,
m222 and/or to simplify the expressions as convenient.
Thus, by shifting and subsequently applying the tadpole conditions eqs. (2.15)
and (2.16) we obtain













v2  T1 + T1 (A.32)













v2  T2 + T2 : (A.33)
Since the VEVs are determined order by order by applying the VEV shifts such that
the tadpole conditions (2.15) and (2.16) hold we identify on the right-hand side of both
equations the shift of the tadpole parameters induced by the shift of the VEVs with the
counterterms T1 and T2. By comparing the coecients of v1;2 in eqs. (A.32) and (A.33)
with the elements of the CP-even mass matrix given in eq. (A.1), the following relation
























By applying the renormalization condition depicted diagrammatically in gure 18, the shift
can be interpreted as a connected tadpole diagram, containing the Higgs tadpole and its












where hi 2 fH;hg stands for the physical Higgs particles. For the consistent application
of the tadpole scheme the VEV shifts have to be applied wherever the VEVs appear

















basis, but the VEV shifts are introduced most conveniently in the gauge basis, we give the
















For the illustration of the implications of the tadpole scheme we consider a specic example,
namely the NLO eects of the VEV shifts on the CP-odd mass matrix given in eq. (A.2).
The application of the shifts requires the replacement of the tadpoles by Ti + Ti, with the
Ti given in eqs. (A.32) and (A.33), and the replacement of all occurring VEVs by vi + vi
so that we have













2v2v2  v1v2   v2v1





















Having applied the shifts, we can now use the tree-level relations again to eliminate the
last matrix in eq. (A.38), as the tadpole parameters vanish at tree-level. The rotation to
the mass basis is performed by applying the rotation matrix R() which is dened as the
matrix diagonalizing the tree-level mass matrix M2 . We get
















0 sv1   cv2









where we applied the denition of 5 eq. (4.24) and the tree-level relation for the mass of









We furthermore applied the denition of the tadpole matrix in the mass basis, eq. (A.18).
In the last line we dened the terms DG0G0 , DG0A and DAA that contain all eects





















































(m2A  m2h) : (A.46)
By using the explicit form of the tadpole counterterm TG0G0 given in eq. (A.22) the
vanishing Goldstone boson mass receives the shift contribution DG0G0
































In the second line we have used eqs. (A.41) and (A.42). The last line is the diagrammatic
representation of TG0G0 . It is given by two tadpole contributions from the CP-even Higgs
bosons to the neutral Goldstone boson self-energy. Analogously, we nd for DAA by using
eqs. (A.24), (A.37), (A.43) and (A.44),
DAA = TAA   5v
s2























































The last line again reproduces the diagrammatic representation of the shift. The
shift is hence given by two CP-even tadpole contributions to the A boson self-

















eqs. (A.23), (A.37), (A.45) and (A.46),






































The diagrammatic representation in the last line reveals that the shift DG0A consists of
two CP-even tadpole contributions to the o-diagonal G0A self-energy. It is straightforward
to derive the remaining shifts for the whole scalar sector. The total shift of the mass
matrices, which is given by the shifts D, induced by the NLO shifts of the VEVs and by


















where (1; 2) refers to the pairs (H;h), (G
0; A) and (G; H), respectively. Equa-
tion (A.50) makes evident that in the tadpole scheme the tadpole counterterms T1 and
T2, induced through the VEV shifts in eqs. (A.32) and (A.33), have become part of the
shift parameters Dij of the physical mass matrices of the scalar sector. They do not
appear explicitly as counterterms, in contrast to the standard scheme where T1 and T2
were considered as counterterms being explicitly part of D2, cf. eq. (A.18). Therefore,
in the tadpole scheme, the tadpole counterterms eqs. (A.19){(A.27) do not belong to the
denition of the mass counterterms and wave function renormalization constants. With
the redenition of the 1PI self-energy as
itadij (p
2)  iij (p2)  iDij (A.52)
we obtain by inserting eq. (A.50) in eq. (A.9) the following form of the renormalized self-
energy,
^(p

































iΣtad(p2) := + +
Figure 19. Modied self-energy itad(p2) in the tadpole scheme, consisting of all 1PI self-energy
diagrams together with the one-loop tadpole diagrams, indicated by a gray blob.




























; i 6= j : (A.56)
These results can be generalized to the gauge boson and fermion sectors. The application
of the tadpole scheme hence requires a redenition of the self-energies as depicted dia-
grammatically in gure 19. In the gauge and fermion sectors this implies that the tadpole
diagrams of the scalar Higgs bosons that couple to the gauge boson and fermion, respec-
tively, have to be included in their self-energy. Furthermore, in the scalar sector the tadpole
counterterms drop out of the denition of the wave function renormalization constants and
mass counterterms.15
The VEV shifts introduced in eq. (A.31) also have implications for the coupling con-
stants of the vertices. Let us consider the example of the Higgs H coupling to a pair of

















The shifts eq. (A.31) introduce a shift in the coupling constants. In order to perform this
shift consistently, the coupling constants must be expressed in terms of the VEVs v1 and
v2. When doing so, care has to be taken, to dierentiate between the angles  and  in
the sense of mixing angles and  in the sense of the ratio of the VEVs, cf. eq. (2.9), and
15In the gauge and fermion sectors they do not appear anyway as the mass matrices do not depend on
m211 and m
2

















 in the sense of the ratio of the 2HDM parameters16 given in eq. (2.12). The VEV shifts
only aect the latter two.
The quartic coupling obviously does not receive any shift, while gHZZ contains  as
ratio of the VEVs so that it receives a shift. The angle  is a mixing angle here. At NLO
we therefore have to make the replacement













+ (s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)Th
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The subscript `trunc' means that all Lorentz structure of the vector bosons as well as the
Lorentz structure of the coupling has been suppressed here for simplicity. In the derivation
of this equation we have used eq. (A.37) and the explicit form of the quartic coupling




The above result can be generalized to the whole 2HDM. In the tadpole scheme ad-
ditional virtual vertex corrections have to be taken into account that manifest themselves
in form of tadpdole vertex diagrams. The rule to be applied here is, that all those 2HDM
trilinear vertices receive corrections, for which the resulting quartic coupling constant, con-
necting the original trilinear vertex to the CP-even Higgs from the tadpole, exists. In the
case above the vertex gHHZZ exists, so that the vertex acquires a tadpole contribution with
H, but not with h, as the vertex ghHZZ does not exist.
As a last example we look at the coupling between W , H(p0) and h(p), where p0(p)
denotes the outgoing (incoming) momentum of H (h). The Feynman rule for the coupling
is given by
W H
h : i gWHh (p+ p0) ; (A.63)





Both angles in this coupling are true mixing angles, so that no VEV shift has to be applied.
Therefore, this vertex does not change in the tadpole scheme. This is in accordance with
the rule given above: there exists no vertex gWHhh nor gWHhH that could connect a
tadpole with h or H to the trilinear vertex.
16Note that in all couplings but the trilinear and quartic Higgs self-couplings  has the role of a mixing an-

















A.2 Rules for the tadpole scheme in the 2HDM
In this appendix we summarize all rules of the tadpole scheme for the 2HDM at NLO. The
general rules are:
Self-energies: the self-energies in the wave function renormalization constants and
counterterms change such that they contain additional tadpole contributions: (p2) !
tad(p2).
Tadpole counterterms: the tadpole counterterms in the scalar sector vanish: Tij !
0 (i; j = 1; 2).
Vertex corrections: in the virtual vertex corrections additional tadpole contributions
have to be taken into account if the resulting coupling exists in the 2HDM.
Explicitly, this means that the following counterterms are the same in the standard
and the alternative tadpole scheme:
Counterterms independent of the choice of the tadpole scheme:
Tadpoles: TH ; Th
Gauge sector: Ze; g; ZWW ; ZZZ ; ZZ ; ZZ




Vertices: FFS ; FFV ; SSV ; SUU ; UUV ; V V V ; V V V V
(A.65)
for all possible combinations of fermions F , gauge bosons V , ghosts U , scalars S and
i;j  H;h;G0; A;G; H within the 2HDM.
The following counterterms and wave function renormalization constants depend on
the choice of the tadpole scheme. We give the relations between the standard tadpole
scheme, denoted by the superscript 'stand', and the alternative tadpole scheme, denoted
by the superscript 'tad'. The subscript `trunc' means, that all spinors, all Lorentz structure
of the vector bosons and the Lorentz structure of the coupling has been suppressed where
applicable.





































































for all possible combinations of i;j  H;h;A;H.
(Zij )


















where i 6= j .
We encounter additional contributions to the vertices when changing from the standard
to the tadpole scheme. Below, the g denote the coupling constants, i.e. we have suppressed
the Lorentz structure of the vertex where applicable.
Triple scalar vertices:















for all scalars i;j;k  H;h;G0; A;G; H, wherever the resulting quartic couplings ijkh
and ijkH exist in the 2HDM.
Scalar-vector-vector vertices:















for all scalars i;j;k  H;h;G0; A;G; H, and gauge bosons Vj;k  ; Z;W, wherever
the resulting quartic couplings iVjVkh and iVjVkH exist in the 2HDM.
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